Direct and indirect effects of diesel-contaminated sediment on microalgae, meiofauna, and meiofauna-microalgae trophic interactions were examined in a microcosm study of the sediment community from a Spartina aZterniJora salt marsh. Microcosms of natural sediment were given small daily doses of contaminated sediment over a 28-d period, creating low-, medium-, and high-diesel treatment concentrations of -0.5, 5.5, and 55 ppm PAH, respectively. Diesel caused initial (within 7 h) reductions in microalgal grazing by meiobenthic harpacticoid copepods. Over longer periods of exposure (7-28 d), grazing on microalgae by copepods as a group was reduced in highdiesel treatments, primarily because of high copepod mortality. In contrast, grazing by and abundance of Cletocamptus deitersi (a copepod) was significantly enhanced in high-diesel treatments. Concurrent with reduced grazing by copepods, nematode grazing rates increased significantly in high-diesel treatments, indicating possible competition for microalgae between copepods and nematodes. In spite of transiently enhanced grazing by nematodes and C. deitersi, total meiofaunal grazing on microalgae was reduced in high-diesel treatments. Increased Chl a: pheopigment ratios in contaminated sediments were also indicative of reduced grazing pressure. A large (10X) increase in microalgal biomass was observed in high-diesel treatments and was likely a consequence of reduced meiofaunal grazing. The general responses observed in microcosms were also observed in a field study of polycyclic aromatic hydrocarbon contamination. Collectively, our data indicate that benthic microalgal biomass is controlled by meiofaunal grazing and that meiofauna may compete for limited algal resources. Furthermore, consideration of multiple trophic levels and their interactions allows a more complete and ecologically meaningful understanding of the mechanisms by which contaminants induce changes in natural communities.
In shallow coastal systems microphytobenthos are considered to be an important food source for benthos and provide the principal source of nutrition that fuels secondary production in general (Sullivan and Moncreiff 1990) . Trophic relationships between sedimentary microalgae and their potential consumers are, however, complex and poorly understood (Miller et al. 1996) . Microalgal biomass may be reduced by macrofaunal grazing pressure (e.g. Connor et al. 1982; Darley et al. 1981; Pace et al. 1979) , indicating that microalgal biomass is limited by grazing pressure. Nutrients (usually N; Darley et al. 1981; Posey et al. 1995) or light (Estrada et al. 1974 ) may also limit microalgal growth. Some studies indicate positive feedback between macrofaunal grazers and microalgae at moderate grazer densities (Bianchi and Rice 1988; Connor et al. 1982) . Nilsson et al. (1991) determined that nutrient availability was the primary factor controlling microalgae, and that meiofaunal grazing had a minimal impact on microphytobenthos. We are unaware of other previous manipulative experimental work concerning the control of microalgae by meiofaunal grazing, but based on comparisons of meiofaunal grazing rates and microalgal productivity, it has been suggested that meiofauna, particularly copepods, may control benthic microalgal biomass and Acknowledgments Several undergraduate and graduate students assisted with this project, including B. Hughes, T Huynh, G. Lotufu, M. McCall, M. Pace, S. Rai, and B. Sun. A. Todaro assisted with copepod identifications. E. Chesney and l? Sammarco graciously provided access to facilities at the LUMCON facility. The manuscript was improved by comments from L. Levin and two anonymous reviewers. The research was supported by grants from the Office of Naval Research (N00014-93-l-0975), Minerals Management Service (14-35-0001-30660) , and the Department of Energy. that meiofauna may be limited by availability of microalgal food (Blanchard 1991; Montagna et al. 1995b) . Meiofauna may in turn be regulated by predation by juvenile fish, shellfish, and infauna (Gee 1989 ).
An understanding of benthic food-web relationships has implications not only for fundamental ecology but also for properly interpreting and predicting the effects of environmental-or contaminant-induced perturbations because effects at one trophic level (fish, invertebrates, or microalgae) could lead to responses at another level. Such indirect effects (e.g. "trophic cascades," top-down or bottom-up effects) are common in planktonic aquatic communities in general (Wootton 1994) and may also occur in the benthos (Kneib 199 1; Posey et al. 1995) . Contaminants may influence a food web in a manner similar to that of a predator. For example, if a contaminant reduces grazer consumption of primary production (either through grazer mortality or sublethal effects), an ecological manifestation of the contaminant will be an increase in primary-producer biomass (if the primary producer is not limited by other factors). Thus, a complete understanding of the effects of the contaminant requires analysis not only of responses by grazers and primary producers per se but also of trophic interactions between the two.
Here, we examine the effect of diesel-contaminated sediments on the meiofaunal-microalgal food web of a coastal salt marsh. Diesel fuel is considered to be highly toxic because it is enriched in polycyclic aromatic hydrocarbons (PAH; National Toxicology Program 1986) , the most toxic component of petroleum hydrocarbons (Clark 1989; Kennish 1992) . Studies of environmental impacts of oil spills, controlled petroleum amendments in microcosms and field settings, and laboratory bioassays indicate that PAH can reduce diversity, density, or reproductive success of meiofauna, but 561 effects are dependent on taxon, dosage, and petroleum type (Coull and Chandler 1992; Carman et al. 1995; Carman and Todaro 1996) . Some studies, however, have shown positive effects on meiofaunal abundance, especially at low levels of contamination (DeLaune et al. 1984; Feder et al. 1990; Montagna et al. 1987; Stacey and Marcotte 1987) ; Montagna et al. (1995a) determined that meiofaunal grazing at a natural petroleum seep did not differ from grazing at control sites. Petroleum hydrocarbons, including diesel fuel, have also been shown to influence microalgal biomass either positively or negatively (Bott et al. 1978; Morales-Loo and Goutx 1990; Plante-Cuny et al. 1993; Chuan and Chiu 1985; Farke et al. 1985) . Reduced microalgal consumption by macrofauna has been proposed as a possible mechanism by which microalgal biomass may become enhanced in contaminated sediments (Plante-Cuny et al. 1993; Farke et al. 1985) . To our knowledge, however, such an indirect effect of contaminants on microalgae has not been explicitly examined in previous studies.
Materials and methods
Study site-The research was performed using sediments from the Terrebonne Bay estuary (29"15'N, 91'21'W) near the Louisiana Universities Marine Consortium (LUMCON) Marine Education Center. Tidal range in the estuary is -0.3 m and salinity ranges from 4 to 26 ppt. The estuary is a highly productive salt marsh that is dominated by the cord grass Spartina alterniflora. Sediments have a median grain size of 38 pm and are composed primarily of silts (41%) and clays (17%) (Chandler and Fleeger 1983) . Organic carbon content is -2.5%. Ambient PAH concentrations are -0.24 ppm (Carman et al. 1995) . The study site is located in a region of intense hydrocarbon production and drilling activity, and commercial and recreational boat traffic is high. These combined factors lead to a high probability that the marsh experiences chronic exposure to both refined and crude hydrocarbons.
Experimental design-The effects of diesel fuel on benthos were examined using intact, natural sediment collected in cylindrical microcosms as described in a previous study (Carman et al. 1995) . Microcosms were maintained in the LUMCON laboratory under controlled temperature and light conditions. Experimental treatments consisted of the daily addition to microcosms of small doses of diesel-contaminated sediment, and responses were determined over a 28-d period. Diesel treatments consisted of the addition to microcosms of sediment spiked with three levels of diesel (high, medium, and low), and two types of controls; in one control (Cl) no sediment was added to microcosms, in the second control (C2) "uncontaminated" (ambient) sediment was added to microcosms.
The microcosm experiment was performed with a 2 X 4 X 5 factorial design, with two wet tables (as blocks), four exposure times (0, 7, 14, and 28 d) , and five diesel treatments (see above) as factors. Each diesel X time combination was replicated twice in both wet tables. Microcosms were constructed of 15.2 cm i.d. PVC pipe with windows covered with Nitex mesh (62 pm) to allow exchange of water. At lour tide on 22 May 1994, 80 microcosms of exposed unvegetated sediment were collected by hand from air-exposed mud flats surrounded by S. alterniflora marsh. Microcosms we:re gently pushed into the sediment to a depth of 15 cm, mud was excavated from the outside of the microcosm, andi a form-fitting base was placed on the bottom. Intact microcosms were transported to the LUMCON facility. Forty microcosms were randomly assigned to both of two wet tables.
Microcosms were irrigated individually at a rate of -1 liter h-l by using a drip system. Ambient marsh water was filtered (5 km) and pumped into a 1,200-liter holding tank. Water was aerated by continuous recirculation and temperature was maintained at 27°C. Water was pumped from the holding tank to a 60-liter tank that fed the drip system. Microcosms 'were illuminated on a 14 : 10 L/D cycle with banks of 40-W fluorescent lights.
Diesel-contaminated sediments-Surficial sediments (top 2 cm) were collected from the marsh and processed following the procedure of Chandler (1986) , which yields sterile sediment particles <62 km. Two liters of processed sediments and 600 ml of diesel (from a commercial vendor) were placed in .an amber 4-liter bottle and tumbled for 10 d. Sediment was, allowed to settle overnight, diesel was aspirated from the bottle, and 1 liter of 15-ppt artificial seawater (ASW) was added. The mixture was tumbled again (overnight), allowed to settle, and the supernatant aspirated. This procedure was repeated three times (total of four rinses). The sediment/water slurry was transferred to 35-ml glass centrifuge tube:; and centrifuged at 1,700 X g for 3 min. The supernatant was removed and replaced with fresh ASW. Sediment and water were mixed thoroughly, then recentrifuged. The supernatant was decanted again, and the process was repeated fmor a total of four rinses. Sediment was then recombined into a single batch and mixed to assure homogeneity. Total PAH was determined by gas chromatography/mass spectrometry (GC/MS) to be 687 ppm (dry weight; Car-man et al. 1996) . Contaminated sediment was then diluted with ambient sediment (processed as described above) to achieve nominal F'AH concentrations of 550, 55, and 5.5 ppm (dry weight). Diluted, contaminated sediments were added to microcosms as described below with the objective of achieving final added concentrations in the top 1 cm of sediment of 55 (high), 5.5 (medium), and 0.55 (low) ppm.
At the beginning of the experiment, microcosms were dosed by adding sediment sufficient to create a l-mm-thick layer of sediment on the microcosm surface by slowly dispensing 17.8 ml of contaminated (or control) sediment contained in a 30-ml plastic syringe. Day 0 samples were collected within -2 h of microcosm dosing, at which time suspended sediment had settled and surface topography (tubes, burrows, and tracks) from resident meiofauna and macrofauna was apparent. On each subsequent day, microcosms were dosed with 1.8 ml of sediment, sufficient to create a 0. l-mm sediment layer on the surface of microcosms.
The top 1 cm of microcosms was assayed for (1) bacterial abundance (acridine orange direct counts), (2) bacterial activity ([14C]-acetate incorporation, [3H]-leucine incorporation, ['4C']-phenanthrene metabolism), (3) microalgal abun-dance (Chl a), (4) microalgal activity (NaH14C0, incorporation), (5) meiofaunal grazing on microalgae (NaH14C0, radiotracer), and (6) meiofaunal community composition. Bacterial response to diesel contamination is described in Carman et al. (1996) . Here, microalgal and meiofaunal responses are presented.
Microalgae-
Cores were injected with 133.2 KBq (specific activity 1.85 GBq/mmol) NaH14C0, and incubated in the light (60 PEi) for 5 h. Control cores were incubated in the dark. At the end of the incubation, water overlying the sediment was discarded and the top 1 cm of sediment was frozen in liquid nitrogen and stored at -80°C. Samples were processed as described by Carman et al. (1995) . Briefly, bulk lipids were extracted, fractionated, and assayed for radioactivity. In addition, 14C in nonlipid fractions (sediments and aqueous phase of lipid extraction) was measured so that total microalgal incorporation of 14C could be determined. Here, we report total photosynthetic fixation of NaH14C0,, defined as the sum of 14C incorporation (lipid, aqueous phase, and sediments) in light incubations minus the sum of ldC incorporation in dark incubations.
Microalgal abundance was estimated from Chl a concentration (corrected for pheopigment) in the top 1 cm. Photosynthetic pigments were extracted from sediment in dimethylsulfoxide : 90% acetone (1: 1) and assayed with a Turner model-10 fluorometer (APHA 1992).
Meiofaunal grazing-Grazing by nematodes and four meiobenthic copepod species (Coullana sp., Pseudostenhelia wellsi Coull and Fleeger, Cletocamptus deitersi Richard, and Microarthridion Zittorale Poppe) on benthic microalgae were assessed by using NaH14C0, as a tracer (Carman 1990; Carman et al. 1995) . Cores were injected with 370 KBq of NaH14C0, and incubated for 5 h in the light (same conditions as microalgae assay above). Control cores were incubated in the dark. Water overlying the core and the top 1 cm of sediment were collected and preserved in 3% formaldehyde. Samples were stored at 4°C and were sorted and processed within 4-6 weeks of sampling. The samples were stained with rose bengal as a sorting aid and adult female copepods were separated from the sediment under a dissecting microscope. Copepods were digested in tissue solubilizer and assayed for radioactivity. Uptake of 14C by copepods was corrected for uptake in dark controls. Grazing rates (fraction of total microalgal biomass consumed per day) were calculated following Daro (1978) where G is the fraction of total microalgal biomass consumed per day, A4 is dpm in meiofauna, A is dpm in microalgae, F is the fraction of total microalgae consumed by meiofauna, and t is time (here, 24 h; extrapolated from hourly rate determined from 5-h incubations). Factors that may influence measurements of grazing rates are not considered in this model. For example, the model assumes that grazing experiments last for a period of less than one gut-passage time. Failure to meet this assumption would lead to an underestimate of grazing rate. Relatively little information is available concerning meiofaunal gut-passage times, but Decho (1988) has estimated periods ranging from 37 to 88 min for various copepod species. Loss of radioactivity during the period between sample fixation and measurement of copepod dpm (Mourelatos 1990) would also lead to an underestimate of grazing rates. Also, extrapolation of a single grazing measurement over a 24-h period does not allow for diurnal (or tidal) variability in grazing rates (Souza-Santos et al. 1995; Decho 1988) . Total copepod grazing was estimated by summing the grazing rates of the four species measured; these four species accounted for an average of 70.2% of total copepod abundance, and thus "total copepod grazing" is an underestimate of actual copepod grazing pressure. Nematode grazing was determined by assaying 100 haphazardly selected individuals and extrapolating grazing from these animals to the total abundance of nematodes. Individual grazing rates were determined by expressing grazing rates as p,g Chl a ind.-' h-l. Chl a : pheopigment ratios were also used as an indirect and qualitative measure of total grazing pressure on benthic microalgae. Pheopigments are degradation products of Chl a that occur as the result of grazing (Bianchi et al. 1988) , and increases in the Chl a : pheopigment ratio may be indicative of reduced grazing pressure on algae.
Field study-Microalgal biomass and activity and grazing by C. deitersi were measured at a contaminated field site and at a nearby control site on 19 July 1994. The field sites were in a S. altemiflora marsh (similar to that described for the microcosm study) located near Port Fourchon, Louisiana. The contaminated site is located near an outfall of produced water (effluent from offshore oil production activities) and is chronically contaminated with PAH (2-20 ppm; Carman pers. obs.; Rabalais et al. 1991) . The control site was located -1 km from the contaminated site and is relatively uncontaminated (-0.4 ppm). Cores of sediment were collected in a mud flat -1 m from the marsh edge and transported to the LUMCON laboratory at Port Fourchon (-5-min boat ride) for incubation and processing. Incubations with NaH14C0, and extraction and quantification of chloroplastic pigments were as described in the microcosms study. Four replicates of each assay were taken at both sites.
Statistics -Initial
(day 0) and later (day 7 through day 28) effects were analyzed separately using two-factor (block and diesel treatment) and three-factor (block, time, and diesel treatment) analyses of variance (ANOVA), respectively. We thought that these separate analyses were appropriate because even if meiofauna and/or algae were physiologically compromised or killed shortly after the addition of contaminated sediments, they would still be present and intact following the short interval between dosage and sampling. Mortality would be detectable after 7 d because dead organisms would have had ample time to decompose. Thus, performing an ANOVA on all data would artificially reduce the ability to detect ecologically meaningful changes in meiofaunal or microalgal abundance. When significant treatment or treatment X time interactions were detected, data for individual days were analyzed with two-factor ANOVAs. Variables that involved ratios were converted to proportions. All data were log,,(n + 1) transformed. Normal probability plots were examined and residuals were subjected to Levene's test of homogeneity of variance to determine if data were consistent with the assumptions of ANOVA. Significant (P < 0.05) main effects were further examined using Tukey a posterior-i comparisons (Day and Quinn 1989) . In the field study, a t-test was used to compare contaminated and control sites. Data were analyzed with SAS and SigmaStat statistical software.
Results
A detailed discussion of the PAH composition of dieselcontaminated microcosm sediments as determined by GUMS is presented in a companion paper . Briefly, average total PAH in control sediment (Cl and C2) was 0.26 2 0.08 (1 SD) ppm on day 0 and 0.35 5 0.26 ppm on day 28. On day 0, average total PAH in low, medium, and high treatments was 0.59 2 0.69, 7.7 -+ 8.8, and 9.4 -I-6.4 ppm. Average PAH concentrations in low (0.59 ppm) and medium (7.7 ppm) treatments were close to predicted values of 0.55 and 5.5 ppm. Measured PAH concentration in the day 0, high treatment (9.4 ppm) was substantially lower than predicted (55 ppm). The low value was probably a consequence of an uneven distribution of contaminated sediment in day 0 microcosms as independent analysis with an latroscan indicated a PAH concentration close to the predicted value of 55 ppm (Car-man et al. 1996) . On day 28, PAH concentrations in low (0.25 + 0.11 ppm) and medium (0.59 + 0.14 ppm) treatments were essentially indistinguishable from control microcosms. PAH concentration in high treatments (6.4 + 8.7 ppm), however, remained substantially higher than in controls. Initial efsects -No significant day 0 treatment effects (after exposure for 2 h and incubation for 5 h) were detected on meiofaunal abundance, microalgal biomass (Chl a), or grazing by nematodes (Table 1) . There was evidence, however, of reduced algal activity (uptake of NaH14C0,, Fig. 1A ) and reduced grazing by copepods (Figs. 2,3 ) on day 0 (Table  1) .
On day 0, the calculated average daily grazing rate of copepods in controls ranged from 48 to 90% of total microalgal biomass (Fig. 2A) . Total grazing by nematodes in day 0 controls (20% of total microalgal biomass) was substantially less than that of copepods (Fig. 2B) . Combined grazing by meiofauna in day 0 controls ranged from 68 to 112% of total microalgal biomass per day (Fig. 2C) . Individual grazing rates for C. deitersi and M. Zittorale were both significantly reduced in medium and high treatments ( Table  1 , Fig. 3 ).
Later efsects: Microalgae-Later effects of diesel-contaminated sediment were examined using data from days 7 to 28 ( Table 2 ). During that period, diesel influenced microalgal activity (uptake of NaH14C0,, Fig. 1A ) and biomass (Chl a, Fig. lB) , both of which were significantly higher in high treatments than in all other treatments (Table 2) . On day 14, average Chl a in high treatments was approximately double that in all other treatments, but the difference was not statistically significant (Fig. lB, P = 0.55) . On day 28, Chl a in high treatments was higher than all other treatments by approximately one order of magnitude ( Fig. lB , P = 0.0002). Thus, algal biomass was stimulated but only at the highest diesel concentration tested. In contrast to the suppression of activity observed on day 0, microalgal activity in high treatments was significantly higher than in all other treatments for each of days 7, 14, and 28, and the stimulation of microalgal activity became more enhanced through time (Table 2, Fig. 1B ).
Grazing-During days 7 through 28, the Chl a : pheopigment ratio in sediment was significantly enhanced in the high treatment (Table 2, Fig. 1C) . The trend toward a higher Chl a: pheopigment ratio was detectable on day 7 and become more pronounced over time. Significant effects of diesel on the Chl a : pheopigment ratio were detected on day 14 (P = 0.029) and day 28 (P < 0.0001, Fig. 1C ). In addition to effects from diesel, Chl a : pheopigment ratios also differed significantly over time (P < 0.0001); ratios generally declined over time in all but the high treatments.
The proportion of sedimentary microalgae consumed by copepods ( Fig. 2A) and by copepods and nematodes combined (Fig. 2B ) was significantly lower in high treatments over days 7-28. A significant single-day effect of diesel was detected only on day 7 for copepods ( Fig. 2A) . The proportion of sedimentary microalgae consumed by nematodes was low over days 7-28 but was not significantly influenced by diesel contamination.
Average grazing rates of individual meiofauna (ng Chl a ind.-' h-l) were considered for four copepod species and nematodes as a group. Diesel treatments significantly affected grazing by C. deitersi, the only copepod in which grazing was enhanced by PAH. C. deitersi grazing rates were highest in high treatments (Fig. 3, Table 2 ), and although no single-day effects were detected, the enhancement of grazing in high treatments was most pronounced on day 28 (Fig. 3) .
Complete analysis of individual grazing rates by M. Zittorale, Coullana sp., and P. wellsi were not possible because, after day 0, all three of these species were essentially absent from microcosms receiving high treatments (Fig. 4) . Thus, for these three species, "high" was removed as a treatment level for statistical analyses of day 7 through day 28 data. No significant effects of diesel treatment were detected for days 7-28, but grazing by P. wellsi did decrease significantly over time (P < 0.0001).
The grazing response of nematodes was complex (Fig. 3) . While no initial (day 0) effects of diesel were detected, grazing was significantly influenced by diesel over days 7 through 28, and grazing in high treatments was significantly higher than in other treatments (Table 2, Fig. 3 ). The effect of diesel was significant only on day 7. Nematode grazing on day 14 was also highest in high treatments, but the difference among diesel treatments was not significant (P = 0.13). On day 28, nematode grazing did not differ among treatments.
Meiofaunal community composition-Coullana sp., P. wellsi, and M. Zittorale abundances were significantly reduced in high treatments, and C. deitersi abundance was enhanced in high treatments (Table 2, Fig. 4) . Abundances of Coullana sp., P. wellsi, and M. Zittorale in high treatments were significantly (P 5 0.009) less than in all other treatments on days 7 through 28. In contrast, C. deitersi abundance was not reduced in high treatments throughout the study and was significantly enhanced on day 28 (Fig. 4) .
Nematode abundance was not significantly influenced by diesel treatments throughout the period from day 7 through day 28 (Table 2, Fig. 4 ).
Field study-Grazing by C. deitersi was significantly higher at the contaminated field station than at the control site (Table 3 ; P = 0.02, t-test). Furthermore, the Chl a concentration (P C 0.0001, t-test) and the Chl a : pheopigment ratio (P = 0.03, Mann-Whitney rank sum test) were significantly higher at the contaminated site than at the control site (Table 3) . C. deitersi comprised 18.0 + 6.7% (1 SD) of the copepod community at the contaminated site and 29.2 + 4.9% at the control site (P < 0.01, t-test), a trend that was opposite that observed in the microcosm experiment on day 28.
Discussion
The purpose of this study was to examine the influence of an environmental contaminant (diesel fuel) on sedimentary meiofaunal-microalgal relationships. The observation that algal biomass increased in diesel-contaminated sediments has implications not only for appropriate interpretation of effects of contaminants, but also for understanding fundamental relationships between benthic microalgae and grazers that feed upon them. Herbivore-algal relationships in hard-substrate communities are relatively well characterized, largely because of the ease with which grazer density can be experimentally controlled (e.g. Lubchenco 1980; Underwood and Jemakoff 1981). In contrast, progress in understanding macro-and particularly meiofaunal interactions with microalgae in soft sediments has been slow largely because of difficulties associated with manipulation of grazer density. Bottom-up control of soft-sediment communities has been examined by using fertilizers (e.g. Darley et al. 1981; Posey et al. 1995) to enhance and herbicides (Hentschel and Jumars 1994) to retard algal growth. Top-down effects have been studied via manipulation of macrofaunal grazers (,Connor et al. 1982; Darley et al. 198 1; Pace et al. 1979) . Smdies of contaminants, however, generally include little consideration of indirect (top-down or bottom-up) effects on I:ommunities.
Our data indicate that microalgal blooms in hydrocarboncontaminated sediments are an indirect effect of mortality to 
* Cl is the control microcosm to which no sediments were added, C2 is the control microcosm to which uncontamined sediment was added, L, M, and H arc low, medium, and high diesel treatments, respectively. A postcriori comparisons of treatments arc arranged in order of highest to lowest mean values. Treatments that do not share a common superscript letter differ significantly (P : 0.05). j' High diesel treatment excluded from analysis. meiofaunal grazers. Two hypotheses, however, could explain the general stimulation of algal biomass in high treatments. First, diesel could have directly stimulated algal biomass as has been observed in laboratory cultures (Chuan and Chiu 1985) and sea-ice algae (Cross 1987) . This hypothesis does not imply that all algal taxa were uniformly stimulated. For example, qualitative microscopic analysis indicated filamentous cyanobacteria became abundant in high treatments, as has been observed in freshwater sediments exposed to petroleum hydrocarbons (Bott et al. 1978) .
Second, algal biomass could have been stimulated by an indirect effect of diesel fuel via reduction of grazing pressure on microalgae. Reduced grazing on microphytobenthos in high treatments was indicated from elevated Chl a : pheopigment ratios and from direct measures of grazing. The percell Chl a content of microalgae exposed to petroleum hydrocarbons can increase (Chuan and Chiu 1985; MoralesLoo and Goutx 1990) or decrease (Morales-Loo and Goutx 1990), and thus the elevated Chl a : pheopigment ratios in high treatments could have been partially from elevated Chl a levels per se and not from reduced grazing pressure. 14C-radiotracer measurements, however, also indicated that copepod grazing on microalgae was significantly reduced in high treatments within hours of exposure to PAH and continued to be suppressed throughout the study period. The long-term reduction in copepod grazing activity was clearly a result of reduced copepod abundance in high treatments beginning on day 7 (Fig. 4) .
The validity of the hypothesis that enhanced algal biomass in high treatments was a consequence of reduced grazing rests on the assumption that grazing pressure by meiofauna controls algal biomass. Meiofauna in day 0 controls and low treatments consumed a calculated 68-l 12% of the microalgal biomass per day (Fig. 2) , an amount sufficient to have a significant impact on algal standing stocks. Estimates of grazing from other habitats also suggest that meiofauna grazing may be sufficient to control microalgal biomass in some (Montagna 1995) but not all (Jonsson et al. 1993) habitats. Our experimental treatment with diesel effectively eliminated a major component of the meiofauna (most copepods), which could have led to the enhanced algal biomass observed in high treatments. Our experiment is analogous to that of Gerdol and Hughes (1994) , who removed amphipod grazers via defaunation with insecticide and subsequently observed increased microalgal biomass. Macrofaunal abundance is low at this site and does not represent a major source of grazing pressure (Car-man and Fleeger pers. obs.). In a field study of petroleum-hydrocarbon contaminants, Plante-Cuny et al. (1993) also observed enhanced microalgal biomass in contaminated sediments and attributed the higher biomass to a reduction in grazing pressure that occurred because of mortality to benthic macrofauna. Massive mortality from environmental factors such as low oxygen or fluctuations in temperature or salinity would presumably produce similar responses in microalgal biomass, but we are not aware of published examples of such occurrences.
Diesel contamination also affected nematode grazing, but the nematode response was quite different from that of copepods. Individual grazing rates in high treatments were significantly stimulated on day 7 and decreased thereafter. The reason for this complex pattern is not clear, but we can specwere eliminated. We are unaware of any previous studies ulate on a possible scenario. If meiofauna control microalgal that have examined the potential for competition between biomass, microalgae may be a limiting food resource for nematodes and copepods. Hentschel and Jumars (1994) , meiofauna. High copepod mortality between day 0 and day however, observed increased abundances of juvenile poly-7 could have resulted in a competitive release for nematodes chaetes and, to a lesser degree, harpacticoid copepods, in that were not adversely affected by diesel. Such a competiresponse to enhanced abundance of benthic diatoms; they tive release could be manifested through increases in indiinterpreted these numerical responses as evidence of comvidual feeding rate as competitors for limited food resources petition for limited food resources. Table 3 . Results of a field study comparing microalgal biomass (Chl a) in sediments, Chl a: pheopigment ratios in sediments, and grazing rates of Cletocamptus deitersi at PAH-contaminated and uncontaminated sites near Port Fourchon, Louisiana. Values are means (SD, n = 4). In each case, values from control and contaminated sites differed significantly (t-test, P < 0.05). PAH values are those reported for this site by Carman et al. (1995) (see also Rabalais et al. 1991) . Cletocamptus deitersi was an exception to the general rule of reduced copepod abundance and grazing rate. Although the grazing rate of C. deitersi was initially (day 0) suppressed in the high treatment, it had recovered by day 7 and by day 28 its abundance and grazing rate in high treatments was higher than in other treatments (Figs. 2, 3) . Thus, it seems that C. deitersi is not only resistant to diesel-contaminated sediment but is able to thrive under conditions that are detrimental to other copepod species. We are in the process of examining three possible mechanisms that could explain C deitersi's resistance to diesel contamination. First, C. deitcrsi may simply be more resistant to hydrocarbons than are other species. Second, C. deitersi may be more tolerant of' oxygen stress. Hydrocarbon contamination may contribute to severe oxygen depletion in sediments (Plante-Cuny et al. 1!393), and copepods are known to be sensitive to low oxygen levels (Vernberg and Coull 1975) . Finally, hydrocarbon-induced changes in the microbial community may influence the differential survival of C. deitersi. In particular, the filamentous cyanobacteria that became relatively abundant in contaminated sediments may have been tolerated better as a food source by C. deitersi than by other species. Further work is needed to determine the precise mecha-. nism(s) by which C. deitersi resists the direct or indirect effects of hydrocarbon toxicity.
Control
Initial effects of diesel-contaminated sediment were evident from reduced grazing by C. deitersi and M. Zittorale in day 0 medium and high treatments, whereas grazing by P. wellsi and nematodes was not significantly affected. Grazing by Coullana sp. was undetectable in day 0 medium and high treatments (Fig. 3) , but high variability in other treatments resulted in an ANOVA that did not meet the criteria for significance (Table 1) . Different feeding strategies of these species may have led to the observed initial responses. Diesel-contaminated sediment was added to overlying water and was deposited on the sediment surface, which was intended to mimic the deposition of contaminated sediments in the field. Nematodes as a group generally are most abundant below the top centimeter of sediment (Fleeger et al. 1995) , and P. wellsi is a permanent resident of mucus tubes that can penetrate 1 cm or more into the sediment (Chandler and Fleeger 1983) . The subsurface existence of these meiofauna may have reduced their exposure to short-term effects from freshly settled material. Because C. deitersi and M. Zittorale feed at the sediment-water interface (Decho 1986; Pace and Carman 1996) , it seems likely that these species would be most exposed to settling and freshly settled contaminants. Coullana sp. consumes plankton (Decho 1986; Pace and Carman 1996) , and consumption of suspended contaminants may negatively affect this species. The lack of effects in medium (and low) treatments after day 0 was presumably a result of rapid removal of PAH, largely through microbial degradation .
In general, microalgal biomass and meiofaunal grazing changed significantly over time, independent of diesel treatment, indicating that containment within microcosms per se caused changes in the benthic community. While our experimental design allows for a statistical distinction between the effects of time (which may be from containment effects) and treatment, we should not assume that containment effects are unimportant. For example, if copepods were stressed as the result of being contained in microcosms, they could have been more susceptible to the effects of diesel contamination (see Peterson and Black 1994) . Unfortunately, it is difficult to determine when artifacts of intervention significantly influence treatment effects.
Results from microcosms were, however, generally supported by field observations (Table 3 ). The grazing rate of C. deitersi, microalgal biomass (Chl a), and the Chl a : pheopigment ratio were higher at the contaminated than at the control site. Neither nematode grazing rates nor grazing by other copepod species were determined in the field study. Nevertheless, these observations are consistent with the conclusions drawn from the microcosm study that (1) PAH contamination leads to higher microalgal biomass, (2) the higher microalgal biomass is a consequence of overall lower grazing pressure (Chl a : pheopigment ratio), and (3) C. deitersi thrives under these adverse conditions (increased grazing rate). Thus, the general agreement of field and microcosm observations indicates that any artifacts associated with the microcosm experiment did not mask the main environmentally relevant effects that occur as a consequence of contamination from petroleum hydrocarbons.
This study illustrates that consideration of environmental impacts at the level of food webs, rather than only on discrete components of a community, can lead to additional insight into the mechanisms by which communities are affected. Our data indicate that enhanced microalgal biomass and activity were at least partially indirect effects of reduced meiofaunal, particularly copepod grazing in contaminated microcosms. Short-term reduction in grazing may have been the result of narcotizing effects of PAH copepods (van Wezel and Operhuizen 1995) , whereas longer-term reduction in grazing was from copepod mortality; collectively, grazing may have been reduced for a time sufficient to allow algal biomass to accumulate. Furthermore, the sequential change in grazing rates of nematodes and C. deitersi suggests the possibility of competitive interactions that would not have been detected from simple measures of meiofaunal abundance.
In an earlier study, Car-man et al. (1995) observed that PAH resulted in stimulated microalgal activity and a trend toward higher microalgal biomass. From the same study, Carman and Todaro (1996) detected significant effects of PAH on copepod sex ratios and development stages. Nevertheless, the overall effects of PAH were relatively subtle, suggesting that the community was relatively resistant to hydrocarbon contaminants. The present and previous (Carman et al. 1995; Carman and Todaro 1996) studies differ in that (1) sediments contaminated by produced water were used previously, whereas diesel-contaminated sediments were used here; (2) microcosms were dosed only at the beginning of the experiment previously but were given daily doses here; and (3) maximum PAH concentrations were 3.0 ppm in Carman et al. (1995) but were as high as -55 ppm here. Carman et al. (1995) and the present study are similar in that petroleum-derived PAH were the primary toxicants present in the sediment. Toxic effects and bioaccumulation of PAH congeners are generally thought to be additive, especially in complex mixtures such as diesel and produced water (Landrum et al. 1991; Swartz et al. 1995) , so we designed this study to find effects at higher levels.
Further study is required to identify the actual mechanisms by which diesel (or other contaminants) affects benthic food webs and the role that indirect effects play in modifying contaminant effects. For example, while we have shown that algal biomass increases and grazing pressure decreases in contaminated sediments, we have not determined the degree to which microalgae are directly influenced by diesel. Furthermore, more information is needed concerning qualitative changes that occur in the microalgal community and how these changes affect meiofaunal grazers. Meiofaunal communities may also be influenced by predation from higher trophic levels, which could be influenced by PAH. For example, Gregg et al. (in press) found that predation by juvenile fish on copepods declined by 50% or more when exposed to PAH in suspended sediments. An understanding of these mechanistic issues are needed in order to describe and predict adequately the ecological impact of petroleum hydrocarbons and thus develop meaningful predictive models and mitigation strategies.
